Abstract -Nowadays, different control strategies, to regulate Photovoltaic (PV) maximum power point are available. This paper is focused on the modeling of PV power conversion chains considering the PV panel, its associated power conversion stage and the load as a sole system. Furthermore, two control strategies have been proposed for the resulting non-linear system. These controllers are calculated to mitigate input and load disturbances. In addition, the proposed model and its underlying control strategy is used with a P&O MPPT algorithm to show the feasibility in advanced control strategies for PV systems.
Introduction
There is a strong perception of a future high worldwide demand for energy. In the few past years, dwindling fossil-fuel reserves and climate change foster the use of renewable power supplies in order to decrease global warming. One of the candidates to replace pollutant fossil-fuel energy sources is Photovoltaic (PV) energy. This renewable source is becoming more and more important for either standalone or grid-connected systems. Therefore, a typical PV power conversion chain is shown in Fig. 1 [1] .
Fig. 1 Grid-connected PV power conversion chain
In the previous system, the main objective of the control strategy is to impose a desired voltage in the PV panel output and therefore, in the power converter input capacitor, C in . In the previous PV power conversion chain, the left part composed of the PV panel and the DC/DC power converter, can be considered as a closed-loop system. This closed-loop system must be able to reject input (irradiance) and load (DC/AC inverter) disturbances. In doing so, two cases must be studied. The first possibility is related to the single-phase inverter regulation of the bulk capacitor DC voltage, C b . In this case, the output voltage of the DC/DC power converter is disturbed by a sinusoidal voltage, voltage load perturbation. 1 The magnitude of this disturbance is inversely proportional to 1 VZ the C b value. As a result, this oscillation can be significant since C b owns normally high values. Moreover, C b electrolytic technology is currently used. In general terms, electrolytic capacitors are expensive and own reduced reliability [2] . The voltage oscillation introduced in this has a frequency that is twice as gridfrequency [3] . In the second case, the inverter absorbs sinusoidal current (current load perturbation, IZ). This current generates an undesirable oscillation, owning different frequency values in the DC/DC converter output voltage. This oscillation disturbs the maximum power point tracker placed at the power converter input. For that matter, an appropriate control strategy must be applied to mitigate this oscillation [3] . This work proposes the modeling of different control strategies to regulate C b DC voltage. One key point of these control laws is to approach the inverter depending on the final specifications. For instance, in the first approach, the inverter is considered as a sinusoidal voltage source with a DC average imposed by the control strategy. In the second case study, the inverter is considered as an impedance in parallel with a sinusoidal current source. This last current source weights the injected power in the grid. Therefore, the main motivation of this paper is to propose the modeling of a sole system composed of the PV panel, its associated DC/DC power converter and the load (inverter) as a full system. Thanks to this global approach, the design of advanced control strategies to regulate the PV panel output voltage can be more optimized. This increase of the accuracy is obtained thanks to a finer characterization of the electrical source and its adaptation stage. For instance, aforementioned control strategies have been theoretically analyzed designed and validated using PSIM numerical simulations. Furthermore, these control laws require a P&O MPPT algorithm [6] to regulate the C in and, therefore the PV panel voltage. Five sections compose this paper. To begin with the theoretical work, section II describes the IZ control strategy case, to regulate the C b DC voltage. The main goal of this control law is to mitigate voltage oscillations caused by the inverter. Section III describes the modeling of the system including the VZ control strategy. This second approach is a particular case of the first one. The simulation results, considering detailed PV panel and power converter models are described in section IV. These results validate the theoretical analysis exposed in previous sections. Finally, conclusions are presented in the last section.
Modeling of the PV system considering
an IZ control of the bulk capacitor DC voltage
Modeling of the global system
The modeling of the PV panel and its associated power conversion, considering IZ control, is described in this section. Fig. 2 shows the electrical circuit of the proposed system; i.e. the PV panel and the conditioning power stage (DC/DC power converter) and IZ controller. As it has been previously explained, both systems are considered as a sole system. As regards the power converter, a step-up Boost topology has been chosen since C b voltage must be necessarily higher than the PV panel output voltage. This power converter is a common choice due to its high efficiency, low complexity, simple control and reduced cost. Starting with the system modeling, the ON semi-period (d) is defined by the time when main power converter switch is closed; i.e. the MOSFET is turned ON. Hence, the equations describing the system behavior are: (1) i Ci 
When the control signal is turned off, the diode is now on conduction. Thus, the OFF semi-period (1-d) starts. Next equations describe the system behavior:
The system state-space behavior can be described by a set of matrix:
On the one hand, A matrix, described in (13), represents the derivative of the states depending on the states; i.e. the Jacobin's states. On the other hand, B matrix, described in (14), represents the derivative of the states depending on the system inputs; i.e. the Jacobin's inputs. Moreover, C matrix imposes the output capacitor voltage as the system output (Y). It can be observed that D matrix is zero from equations (10) to (12). Applying inductor volt-second balance (average model) to previous state equations, A and B matrixes are found [3] :
After, a charge balance is applied to input (C i ) and output capacitors (C o ):
Using (10), (11) and (12) in (7), A and B matrixes are obtained:
The resulting system is not linear. As a result, the next step is to obtain the linear model [5] . For that matter, the equilibrium point is found by making zero (10) to (12).
Working out previous system of equations, the required steady-state duty-cycle value (D) is found in (18)
From a physical standpoint, D must own a value comprised in-between [0, 1]. As a consequence, I sc limits the maximum PV panel output current as follows:
Design of the controller to regulate C b voltage.
The following parameters have been used for the design of the controller: L=100 µH, C i =50 µF, C o =50 µF, V dc =48 V, I sc =4.8 A, R mp =1.978 Ω, R=100 Ω, V cmp =9.178 V, f sw =50 kHz (switching frequency). Polarization (I-V) and PV power (P-V) curves are represented in Fig. 4 The operating point of previous linear model is calculated using aforementioned parameters. Therefore, the system stability is parsed by means of the root-locus technique, where it is concluded that the system exhibits a nonminimum phase behavior. Consequently, PI and PID controllers cannot be used due to stability issues. The solution adopted is to design a current controller assuring null inductor-current steady state error. The design specifications imposed are a 0.707 damping factor and a 10 kHz minimal bandwidth. These requirements assure a closed-loop gain lower than 0 dB at the switching frequency value [4] . In doing so, the lineal model is valid since the frequency spectrum of the closed loop system is below the switching frequency. The controller transfer function is described in (20).
In this case study, some transfer functions must be certainly defined:
• T iLiref : reference-to-inductor current transfer function.
• T iLIsc : short-circuit current-to-inductor current transfer function.
• T iLIo : load current-to-inductor current transfer function. Closed-loop frequency responses for these transfer functions are represented in Fig. 5 . This figure validates the tracking of the reference by the inductor current in the desired range; i.e. up to 10 kHz. Furthermore, it can be observed short-circuit current and load disturbance rejections. This feature is particularly important to reject (28.35dB attenuation factor) 100 Hz load disturbances (for 50Hz grid-connected systems) in the C b DC voltage. This disturbance comes from the inverter. However, the significant attenuation factor mitigates disturbance effects in the inductor current. This is particularly important when non-electrolytic capacitors are used since the voltage oscillations are significant [3] . 
Modeling of the PV system considering a VZ control of the bulk capacitor DC voltage
This section presents the modeling of a VZ control to regulate the Bulk capacitor DC voltage. In this approach, the DC/AC inverter is considered as a source voltage which owns 100 Hz DC and AC components. Fig. 8 depicts the presented model. The analysis has been performed following the same steps as in the previous section. During the ON semiperiod (d), the voltage and current capacitor is:
And, during the OFF semi-period, (1-d):
Applying charge and volt-second balances in the inductor and capacitor, respectively, next equations are obtained:
Considering C in voltage as the system output, system matrix are:
The equilibrium point can be found using (29) and (30):
In this case, a PID controller has been designed to regulate the input capacitor voltage and therefore, the PV panel output voltage. In this case, design specifications are 0.707 damping factor and 10 kHz closed loop bandwidth. These requirements guarantee a closed-loop gain lower than 0dB around the switching frequency value [4] . In this case, the following transfer functions are required:
• T VVref : reference-to-input capacitor voltage transfer function • T VIsc : short-circuit current-to-input capacitor voltage transfer function • T ViVdc : output voltage-to-input capacitor voltage transfer function Closed-loop gains of these transfer functions are represented in Fig. 9 . Again, the reference voltage is accurately tracked in the desired frequency range; i.e. up to 10 kHz. The short-circuit current and output voltage disturbances are correctly rejected assuring -85.65 and -69.97 dB respectively. 
Simulations of the presented models.
In this section, some PSIM circuital simulations have been performed in order to validate previous controllers and models. Both controllers have been optimized for the most critical case. The worst case considers the IZ control of the bulk capacitor DC voltage value, owning 100 Hz oscillation. Furthermore, a non-linear PV panel model has been used [7] . Then, PV panel input is based on a periodic irradiance pattern shown in Fig. 10 . Bulk capacitor is imposed to 22uF. This capacitor causes an undesired oscillation which might be up to 30% of the DC voltage. The chosen control MPPT (Maximum Power Point Tracking) strategy is based on the Perturb and Observe (P&O) algorithm. This technique allows obtaining the PV panel maximum power point [8] . Fig. 11 depicts the system simulation considering the two loops control, owning G C1 -G C2 controllers, explained in section II. In the top part of this figure, it can be observed the right tracking of the MPPT reference, V MPPT by the PV panel voltage, V PV . Moreover, the center parts of the last figure represents the effect of disturbances in the Bulk capacitor voltage and in the PV panel output current, depicted by the short-circuit current. It can be observed that V PV recovers accurately the MPPT reference. Moreover, irradiance disturbance are quickly rejected. The bottom part depicts the correct MPPT tracking according to Fig. 4 . Fig. 12 shows a zoom view (11 ms < t < 18 ms) of the previous figure. This figure details settling time (around 350µs). It can be observed a small oscillation in the PV panel output power due to the operation circuit and MPP tracking (50mW, 0.12% of the maximum power). 13 in the 11 ms < t < 18 ms time interval. The V PV settling time is now 160 µs and the oscillation in the output power owns the same value than in the preceding case. The controller, G C3 , has higher disturbance rejection than in the cascaded controller. This is due to the disturbance owns a frequency range in-between 0-600Hz. As a result, the higher G C3 bandwidth allows a more efficient compensation. 
Conclusions
Future high worldwide request for supply energy makes PhotoVoltaic (PV) energy a potential candidate to replace pollutant power sources for both standalone and gridconnected systems.(already cited in the introduction) This paper proposes a modeling of a full PV system composed by a PV panel associated to a power conversion stage. This full-system modeling allows an easier design of advanced control strategies to regulate input and output power converter capacitor voltages and therefore, the maximum power delivered by the PV panel. For that matter, two control strategies have been parsed and simulated. These control laws are based on "VZ" and "IZ" control techniques to regulate the Bulk capacitor DC voltage. Furthermore, both control strategies are associated to a P&O MPPT algorithm in order to obtain the maximum power point of the PV panel. This cascaded control strategy allows obtaining an accurate model of the PV power conversion chain presented in Fig. 1 . The mathematical analysis and circuital simulations of this full-system PV model validates the design process. Moreover, simulations show that the proposed control strategies reject properly input (irradiance) and output (inverter) disturbances affecting the bulk capacitor voltage. As a result, oscillations caused by using a nonelectrolytic capacitor are mitigated.
